Research suggests that risky decision-making is sensitive to neuromodulatory influences acting upon corticolimbic circuitry. However, while other evidence attests to effects of D-9 tetrahydrocannabinol (THC) on the activity of reward pathways, relatively little is known about the possible involvement of cannabinoid activity in risky choice. In this experiment, we examined the effects of a single sublingual 5 mg dose of THC on a test of risky decision-making (requiring choices between simultaneously presented gambles differing in their magnitude of gains, magnitude of losses and the probability with which these outcomes were delivered). Tests of non-normative decision-making involving risk-aversion when deciding between gains and risk-seeking choices when deciding between losses were also included. In all, 15 healthy adults were administered 5 mg THC and placebo in a double-blind, placebo-controlled, within-subject, crossover design. THC had three principal effects relative to placebo: (i) THC reduced choice of gambles with variable gains and losses, but increased choice of gambles with zero-expected value; (ii) THC reduced participants' attention towards losses when the probability of winning was low (and the probability of losing was high); and (iii) THC speeded participants' responses to gambles with large compared to small potential gains. These results suggest that THC mediates specific motivational processes and the processing of reinforcement cues during risky choice, perhaps reflecting altered CB 1 receptor or catecholamine activity within corticolimbic pathways.
INTRODUCTION
Everyday decision-making is often experienced as an emotionally powerful process (Damasio, 1994) . Decisionmakers (choosing between occupational or financial opportunities, opportunities to meet partners etc.) are frequently confronted with options associated with a range of motivationally significant but uncertain outcomes that differ in the kind and magnitude of reinforcement. Deciding under such uncertainty requires the capacity to weigh information about potential rewards and punishments, and control the motivational states that they excite, in order to resolve the most effective choice (Rogers et al, 2003) . Psychiatric illnesses, such as substance dependent disorders and pathological gambling that involve dysfunctional reinforcement processes, are associated with impaired decision-making (Bechara et al, 2001; Bechara and Damasio, 2002; Rogers et al, 1999a) .
Consistent with the strong emotional component of decision-making, recent pharmacological research indicates that risky choice depends upon the modulatory effects of major neurotransmitter systems. This includes demonstrations that manipulation of serotonergic (Rogers et al, 1999a (Rogers et al, , 2003 , catecholamine (Rogers et al, 2004; Scarna et al, 2005) and GABAergic activity (Deakin et al, 2004; Lane et al, 2005a) can influence laboratory models of decision-making. However, at the current time, little is known about the importance of cannabinoid activity in decision-making despite the preponderance of CB 1 receptors within corticolimbic circuitry (Herkenham et al, 1990) and their interactions with other neuromodulatory systems (Ameri, 1999; Tanda et al, 1997) .
Several lines of evidence suggest at least a role for cannabinoid activity in decision-making. First, driving studies suggest that, under some circumstances, acute cannabis intake impairs cognitive functions relevant to decision-making cognition (Ramaekers et al, 2004) . These include sensori-motor coordination and monitoring functions giving rise to late braking or poor lane control (Hansteen et al, 1976; Liguori et al, 1998; Ramaekers et al, 2000) . By contrast, other studies indicate that individuals under the influence of cannabis are apparently aware that their driving skills are impaired and compensate for this by reducing speed and increasing the distance between themselves and cars ahead, suggesting a reduction in risktaking behavior (Iversen, 2000; Robbe, 1994 for review) . In comparison, studies with flying simulations have demonstrated more consistent deficits following cannabis intake (Janowsky et al, 1976) . Second, THC can alter choices on operant tasks sustained by reinforcement (Brady and Balster, 1980; Kelly et al, 1993; Kamien et al, 1994; Schulze et al, 1989) while other studies with humans show that THC can produce motivational deficits when working for monetary reward (Foltin et al, 1989; Haney et al, 1997; Miles et al, 1974; Pihl and Sigal, 1978) .
Third, THC is known to impact on aspects of reward processing by, for example, reducing reward thresholds for operant responding leading to brain-self-stimulation (Gardner et al, 1988; Gardner and Lowinson, 1991) . Also, THC also has an indirect action on dopamine neurotransmission in the mesolimbic and mesocortical systems (Ameri, 1999; Gardner and Vorel, 1998; Tanda and Goldberg, 2003; Tanda et al, 1997) , suggesting that the acute effects of THC include altered catecholamine activity within the corticolimbic pathways that mediate decision-making cognition (Scarna et al, 2005) . Other studies in humans indicate that smoked marijuana alters regional cerebral blood flow (ie neural activity) within orbitofrontal and medial prefrontal areas (Mathew et al, 2002; O'Leary et al, 2002; Volkow et al, 1996) known to subserve decision-making function (eg Bechara et al, 1996) .
We have developed a method for investigating decision-makers' attention towards (and processing of) reinforcement information while making risky choices. Subjects are asked to make a series of choices between two simultaneously presented gambles, one of which consists of a 0.5 chance to win or lose a certain amount (and has zero expected value) while the other gamble varies in the magnitude of gains (reward), magnitude of losses (punishment), and the probabilities with which these outcomes are delivered (giving rise to expected values that vary between positive and negative values) (Rational choice models have defined rationale/normative decision-making in terms of maximizing an 'expected value' (or derived utility). The expected value of a gamble is the sum of its gains and losses, each weighted by their probability of occurrence (Goldstein and Hogarth, 1997) . Variation in subjects' preferences indicated that rapid dietary depletion of the serotonin precursor, l-tryptophan, altered attention towards information about possible gains, suggesting that serotonin can play a role in the processing of reward information during risky choice (Rogers et al, 2003) . By contrast, an acute 80 mg dose of the betaadrenoceptor antagonist, propranolol, diminished attention toward losses when the probability of winning was low (and the probability of losing high), suggesting that noradrenaline modulates processing of punishment cues during stressful choices (Rogers et al, 2004) . Finally, a branched-chain amino-acid drink (lacking the catecholamine precursor, tyrosine) reduced attention towards loss and, to a lesser extent, gain information, suggesting that dopamine has a quite general role in the processing of reinforcement cues during risky decision-making (Scarna et al, 2005) .
In this study, we investigated the effects of a relatively low dose of THC plant extract (sublingual 5 mg) on the risky decision-making of healthy adults. In terms of hypothesizing a role for cannabinoid activity in this aspect of cognition, two recently published studies are central. First, Lane and Cherek (2002) examined responding on two concurrently available random interval (5 s) schedules delivering monetary reward. One response option delivered a decreasing amount of reward over the course of each study session while the other delivered a constant level of reinforcement. The highest two doses of THC (1.77 and 3.58%) induced a tendency to maintain responding on the schedule with a decreasing density of reward, suggesting that cannabinoid activity reduced participants' sensitivity to reinforcement. Against this background, and evidence of motivational changes following marijuana intake (Foltin et al, 1989; Kagel et al, 1980; Pihl and Sigal, 1978) , one might hypothesize that sublingual THC will reduce discrimination between response options with zero and those with varying expected value.
Second, Lane et al (2005b) examined responding on two concurrently available variable ratio schedules, again delivering monetary reward. One option (labeled the 'nonrisky' option) delivered a small certain gain with a probability of 1.0 (expected value ¼ $1.12); the other option (labeled the 'risky' option) delivered larger gains and losses with a probability of 0.5 (expected value ¼ $0). The highest dose of THC (3.58%) increased choice of the risky option and induced greater persistence in such selections regardless of the outcomes of previous decisions. Against this background, and evidence that THC enhances rewardrelated processing (Gardner et al, 1988) , one might hypothesize that sublingual THC increases participants' attention towards reinforcement cues when they make risky choices.
MATERIALS AND METHODS

Subjects
Seven healthy males and eight healthy females participated. General Practitioner approval was obtained, and a full medical history and examination were undertaken prior to testing. Participants were screened for physical illness, and for clinically significant psychiatric illness using the Structured Clinical Interview for DSM-IV Axis I Disorders (First et al, 1996) . Six participants reported less than 10 lifetime uses of cannabis; four reported between 10 and 100; and five reported more than 100. The study was approved by the Oxford Psychiatric Research Ethics Committee and written informed consent was given by all participants. Their mean age was 24.371.3 years (SE) (19-36 years), and their mean verbal IQ, as estimated by the National Adult Reading Test (Nelson, 1982), was 115.071.3 (106-123) .
Design
This study consisted of a double-blind, placebo-controlled, within-subject, crossover design. Eight participants received placebo on the first study day and 5 mg D-9-tetrahydrocannabinol (THC) on the second day; seven received THC on the first day and placebo on the second day. Study days were separated by at least 1 week. Participants were asked to abstain from alcohol intake for 24 h and caffeine for 12 h prior to each study day. On attendance at the start of each study day, urine was screened for amphetamines (A), benzodiazepines, cocaine, methamphetamine, opiates and THC using immunometric assay kits. Breath alcohol was also tested. A pregnancy test was performed for female participants.
Materials
THC extracted from standardized plants was administered in an ethanol and propylene glycol solution at 8.5 mg/ml concentration, using a pump-action sublingual spray. The pharmacokinetics of this method of THC administration indicates relatively wide inter-subject variability in terms of AUC values; however, a Phase I trial with healthy adults suggests that mean plasma concentration values for THC tends to peak between 2 and 3 h postdosing (Guy and Robson, 2003) . The total dose delivered was 5 mg THC in six actuations at 6 min intervals, with blood pressure and heart rate monitoring 5 min after each actuation. Dosing was incremental to allow termination in the event of significant adverse events. The matching placebo employed a peppermint flavoring to aid blinding.
Addiction research center inventory (Haertzen and Hickey, 1987) . The Addiction research center inventory (ARCI) is a 53-item instrument consisting of six empirically derived subscales that are sensitive to various classes of drug effects: the Morphine-Benzedrine subscale (MBG) is a measure of euphoria; the Pentobarbital-ChlorpromazineAlcohol (PCAG) is a measure of sedation; the A and Benzedrine-Group (BG) are measures of stimulant-like effects; the Lysergic acid (LSD) subscale is a measure of dysphoria and somatic effects; and the Marijuana (M) subscale is sensitive to marijuana effects.
Visual analog scales (Bond and Lader, 1974) . Subjective effects were assessed using 16 visual analogue scales (VAS) that provide subscales to measure the following: mental sedation (M), physical sedation (P), feelings of tranquility (T), and other sociability feelings (S).
Decision-Making Task
On each trial, participants were asked to choose between two simultaneously presented gambles. Each gamble was represented visually by a histogram, the height of which indicated the relative probability of gaining a given number of points (see Figure 1a) . The possible gains were indicated in green ink above the histogram; the possible losses were indicated in red ink underneath the histogram. One gamble (colored yellow) was the control gamble, consisting of a 0.50 probability of winning 10 points and a 0.50 probability of losing 10 points (yielding an expected value of 0). The alternative 'experimental' gamble (colored blue) varied in the probability of winning which was either high or low (0.75 vs 0.25), possible gains which were large or small (80 vs 20 points), and possible losses which were either large or small (80 vs 20 points). These variables were completely crossed to produce eight trial types or gambles with expected values that varied between À55 and + 55 (see Table 1 ). Figure 1a shows an 'experimental' gamble with a 0.25 chance of winning 80 points (and a 0.75 chance of losing 20 points).
The control and 'experimental' gambles appeared randomly on the left or right of the display. Participant were required to press the '1' or '2' key on the computer keyboard to indicate choice of the gamble presented on the Effects of low doses of D-9 tetrahydrocannabinol RD Rogers et al left or right. Dependent measures were the proportion of choices of the 'experimental' over control gamble as a function of its probability of winning, size of possible gains and size of possible losses ('proportionate choice'), and the mean deliberation time (ms) for these choices.
As previously described (Rogers et al, 2003) , we also included two extra trial types that involve the nonnormative biases of risk-aversion and risk-seeking choices when confronted with certain wins or certain losses (the 'reflection effect'; see Kahneman and Tversky, 1979) . The first such trial type was a 'gains only' trial in which the participants were presented simultaneously with a guaranteed win of 40 points vs a 0.5 chance of winning 80 points and a 0.5 chance of losing 0 points (see Figure 1b) . Neither option involved any associated losses. By contrast, in the 'losses only' trial type, the participants were presented simultaneously with a guaranteed loss of 40 points vs a 0.5 chance of losing 80 points and a 0.5 chance of losing 0 points (see Figure 1c ). Neither option offered any associated gains. Within both the 'gains only' and 'losses only' trials, the expected value of each gamble was equal; however, decision-makers usually exhibit a marked risk-aversion in the former case (ie choice of the guaranteed gain of 40 points) but marked risk-seeking behavior in the latter case (ie choice of the gamble with a 0.5 chance of losing 80 points and a 0.5 chance of losing 0 points) (Schneider and Lopes, 1986) . The dependent measures for the 'gains only' trials and the 'losses only' trials were the proportion of trials on which the participants chose the guaranteed outcome and the associated mean deliberation time (ms) for these choices.
All 10 trial types were presented pseudo-randomly within four blocks of 20 trials. At the beginning of each block, participants were given 100 experimenter-defined points, and asked to make choices which would increase this amount by as much as possible. These points had no monetary value. Visual feedback was given on the outcome of each choice, and the revised points total was then presented for 2 s before the next trial. Across the four blocks, there were eight repetitions of each 'experimental' gamble and eight repetitions of each of the 'gains only' and the 'losses only' trial types.
Procedure
Participants attended the laboratory at 0830 in the morning, and completed the VAS and ARCI prior to dosing, at + 2 h postdosing (just before administration of the cognitive test battery), + 4 and + 6 h postdosing. The dosing was followed by 90 min during which participants were supervised and asked not to sleep. At + 2 h, the participants completed the decision-making task alongside other cognitive tasks not described here. Participants were assessed by a doctor before discharge.
Statistics
The data were analyzed using the Statistical Package for Social Scientists version 12.0 (SPSS). Ratings data from the VAS and ARCI subscales were analyzed with multifactorial repeated measures analyses of variance (ANOVAs) with the two between-subject factors of gender and treatment order (placebo/THC vs THC/placebo) and the two within-subject factors of treatment (placebo vs THC) and time (baseline vs + 2, + 4, and + 4 h). For the risky decision-making task, the proportionate choice data were arcsine-transformed, as is appropriate whenever the variance of a measure is proportional to its mean (Howell, 1987) ; however, all of the data reported in the text, figures and tables describe untransformed values. These data, and the mean deliberation times, were analyzed with repeated measures ANOVAs with the two between-subject factors of gender and order of treatment and the four within-subject factors of treatment, probability of winning (high vs low), size of possible gains (large vs small) and size of possible losses (large vs small). The 'gains only' and 'losses only' trials were analyzed with repeated measures ANOVAs with the two between-subject factors of gender and treatment order, and the two withinsubject factors of treatment and trial type ('gains only' vs 'losses only').
The importance of subjective changes in mediating the treatment-related effects on risky decision-making were assessed by repeating the above analyses with the inclusion of ARCI and VAS subscale ratings as covariates (calculated as the change in ratings following THC against placebo treatment). There is evidence that the extent of previous use of cannabis can influence its effects in different individuals (Kirk and de Wit, 1999) . Therefore, we also repeated the above analyses with the inclusion of an extra betweensubject factor of previous experienceFminimal (less than 10 lifetime uses), moderate (between 10 and 100); and frequent (more than 100 uses)Fto investigate any such effects.
RESULTS
All participants tested negative for alcohol and other illicit drugs on both study days, and were able to tolerate six dose increments (as described above), to receive the full dose of 5 mg THC. Small (20) 5 Small (20) Large (80) À55
Small (20) À10
The 'expected value' for each gamble equals the sum of its gains and losses, each weighted by their probability of occurrence (Goldstein and Hogarth, 1997 (Figure 2b ; PCAGsubscale). By contrast, THC did not produce any significant increase in euphoria in comparison with placebo (F(1, 11) ¼ 1.85) (Figure 2c ; MBG-subscale); neither did it produce marked amphetamine-like effects (F(1, 11) ¼ 1.07) (Figure 2d ; A-subscale). Stimulant effects associated with the benzedrine family of drugs were reduced following THC compared to placebo treatment although not significantly so (F(3, 33) ¼ 1.79) (Figure 2e ; BG-subscale). Finally, dysphoria and somatic effects tended to increase after dosing (F(1, 11) ¼ 2.70, p ¼ 0.06) (Figure 2f ; LSD subscale); however, this increase was not significantly greater following THC compared to placebo treatment (Fo1.00).
Visual analog scales. Figure 3a) . Additionally, THC increased physical sedation compared to placebo (163.60713.41 vs 134.02710.86) (F(1, 9) ¼ 9.72, po0.05). This THC-induced increase was maximal at + 4 h postdosing (F(3, 27) ¼ 7.63, po0.005) (Figure 3b (Figure 2c ). Finally, feelings of sociability were reduced over the course of the study day following placebo treatment but increased following THC treatment (F(3, 30) ¼ 4.63, po0.01) (Figure 3d ).
Decision-Making Task
Proportionate choice. All participants chose the 'experimental' gamble significantly more often when its probability of winning was high compared to when it was low (0.7970.03 vs 0.1970.03) (F(1, 11) ¼ 130.16, po0.001) (see Figure 4a) . Similarly, all participants chose the 'experimental' gamble significantly more often when its possible gains were large compared to when its possible gains were small (0.6070.02 vs 0.3870.03) (F(1, 11) ¼ 38.44, po0.001) (see Figure 4b ), but significantly less often when its losses were large compared to when they were small (0.3770.03 vs 0.6170.02) (F(1, 11) ¼ 28.85, po0.001) (Figure 4c ). While these patterns of choice were not generally altered following THC compared to placebo (all Fso1.00), THC treatment did produce a highly significant reduction in choice of the 'experimental' gamble compared to placebo (0.4670.01 vs 0.5270.02) (F(1, 11) ¼ 22.95, po0.001) (see Figure 4a-c) . Additionally, the reduction in participants' choice of the 'experimental' gamble when its associated losses were large compared to when they were small was not altered after THC compared to placebo treatment when the probability of winning was high (see Figure 5a ), but was significantly diminished when the probability of winning was low (see Effects of low doses of D-9 tetrahydrocannabinol RD Rogers et al Figure 5b) , as evidenced by a highly significant 3-way interaction between treatment, probability of winning and size of possible losses (F(1, 11) ¼ 6.59, po0.05). Analyses of the simple interaction effects confirmed that THC treatment reduced participants' choice of the 'experimental' gamble in response to larger possible losses to the same extent as placebo when its associated probability of winning was high (F(1, 11) ¼ 2.08) but not when its probability of winning was low (see Figure 5b ) (F(1, 11) ¼ 9.71, p ¼ 0.01).
By contrast, there was no indication that the increased choice of the 'experimental' gamble when its potential gains were large compared to when they were small was significantly changed following the THC treatment compared to the placebo treatment as a function of the probability of winning (or losing) on the 'experimental' gamble (F(1, 11) ¼ 1.66) (see Figure 5c and d).
Overall, there was no difference in the extent to which male and female participants chose the 'experimental' gamble during performance of the risky choice task (0.4970.02 vs 0.4970.02) (Fo1.00). There were no other significant interactions involving gender, treatment, treatment order, or any other task variable. Repeat analyses, including subjective effects (calculated as change following THC compared to placebo treatment) as covariates did not alter the pattern of results reported above. However, entering age and estimated verbal IQ revealed that both variables acted as significant or near-significant covariates (F(1, 9) ¼ 4.72, p ¼ 0.06 and F(1, 9) ¼ 6.7, po0.05, respec- 
(M) (a). Physical sedation (P) (b). Feelings of tranquillity (T) (c) and feelings of sociability (S) (d).
Effects of low doses of D-9 tetrahydrocannabinol
RD Rogers et al tively) which abolished the statistical significance of the reduced choice of the 'experimental' gamble following THC treatment (Fo1.00). The inclusion of these covariates also abolished the statistical significance of the reduced discrimination between the size of possible losses when the probability of winning on the 'experimental' gamble was low following THC compared to placebo treatment (Fo1.00). There was no indication that extent of previous cannabis use significantly influenced participants' risky choices.
Deliberation times. Participants were significantly faster to make their choices when the probability of winning on the 'experimental' gamble was high compared to when it was low (17697161 vs 19947191 ms) (F(1, 11) ¼ 15.46, po0.005). This facilitatory effect was no greater following THC compared to placebo treatment (see Table 2 ) (Fo1.00). By contrast, while participants made slightly slower choices when the 'experimental' gamble was associated with larger possible gains compared to smaller possible gains following placebo treatment, they made markedly faster responses following THC treatment (see Table 2 ) (F(1, 11) ¼ 4.91, po0.05). Participants also tended to make slower decisions when the 'experimental' gamble was associated with large possible losses compared to small possible losses (19537178 vs 18107178 ms) (F(1, 28) ¼ 3.67, p ¼ 0.09); however, there was no difference in this inhibitory effect following THC and placebo treatments (see Table 2 ) (Fo1.00). Overall, THC treatment was associated with only slightly faster decisions than placebo treatment (18337184 vs 19297202 ms) while female participants made slightly faster decisions than male participants (17587237 vs 20057256 ms). Neither of these differences were reliable (Fo1.00). There were no other significant interactions involving gender, treatment, or treatment order. Entering subjective effects as covariates did not alter the above pattern of statistics. Entering age and estimated verbal IQ as covariates revealed that neither variable were significant covariates (Fso1.00), but that the two way interaction by which placebo treatment slowed choices when the 'experimental' gamble was associated with larger possible gains compared to smaller possible gains, while THC treatment speeded these choices, was rendered nonsignificant. Finally, there was no evidence that extent of previous cannabis use significantly influenced participants' performance of the risky choice task.
'Gains Only' vs 'Losses Only' Trials
Proportionate choice. Participants chose the guaranteed outcome significantly more often on the 'gains only' trials (offering a choice between a certain gain of 40 points and a 0.50 chance of 80 points or 0 points) than on the 'losses only' trials (offering a certain loss of 40 points or a 0.50 chance of a loss of 80 points or 0 points) (F(1, 11) ¼ 24.32, po0.001). However, this pattern of choices (risk-aversion when choosing between gains and risk-seeking when choosing between losses) was not significantly different following the THC compared to placebo treatments (F(1, 11) ¼ 1.14) (see Figure 6a ). There were no other significant interactions involving gender, treatment, or treatment order and no suggestion that age or estimated IQ were significant covariates that might have influenced the above findings.
Deliberation times. Participants were significantly quicker to make their choices on the 'gains only' trials compared to the 'losses only' trials (16547215 vs 32587492 ms) (F(1, 11) ¼ 10.65, po0.001), with no difference in the size of this effect following THC treatment (16787203 vs 30897489 ms) compared to placebo treatment (16307266 vs 34267565 ms) (Fo1.00) (see Figure 6b) . Gender, treatment, or treatment order did not influence these effects; and there was no evidence that either age or estimated IQ act as significant covariates in the above analyses.
DISCUSSION
The present study demonstrates that administration of low doses of THC had relatively complex effects on the risky decision-making of healthy adults. Specifically, sublingual THC reduced choice of gambles associated with highly variant expected value, but increased choice of gambles with zero-expected value. THC also reduced attention towards (and processing of) prospective losses when the probability of winning was low (and the probability of losing was high). Finally, THC speeded decisions about gambles with large gains compared to small gains. Before considering the significance of these results, we consider some methodological issues that are relevant to interpretation.
First, sublingual doses of THC produced subjective effects of cannabis administration that were broadly similar to those reported in an earlier study involving the same dose administered by the same means (Makela et al, 2006) and previously published reports of the subjective effects of oral doses of Marinol (Kirk et al, 1998; Kirk and de Wit, 1999) . Specifically, THC induced statistically significant increases in marijuana-like effects as measured by the M subscale of the ARCI (Haertzen and Hickey, 1987) . Subjective effects associated with THC intake did not include marked changes in participants' euphoria (BG subscale of the ARCI); nor were there were significant changes in stimulant-like effects (A and MBG subscales). The single difference between the present findings and those of Makela et al (2006) and Kirk et al (1998) is that dysphoria and somatic symptoms (LSD subscale) were not differentially increased following treatment with THC compared to treatment with placebo.
As expected, THC was associated with mild increases in both physical and mental sedation as measured by the VAS (Bond and Lader, 1974) and the PCAG subscale of the ARCI (Haertzen and Hickey, 1987) , making it at least possible that the cognitive effects of the THC treatment identified in the present study reflect (in part) nonspecific changes in alertness. However, it is unlikely that the effects of THC on risky decision-making can be attributed solely to such effects. This is because, in a separate study with the same dose of sublingual THC, we observed similar sedative effects accompanied by improved performance on a measure of short-term spatial working memory (Makela et al, 2006) . Additionally, in the present study, participants' deliberation times for their risky choices were not uniformly increased following THC treatment in a way suggestive of a generalized motivational deficit. Second, there are, of course, many limitations to laboratory models of human behavior including, in this case, the rather abstract (and perhaps overly mathematical) nature of choices presented to ours participants. In particular, these choices involved only 'points' reward that had no monetary value. Consequently, our results may, in part, reflect a reduction in motivation associated with the use of such notional reinforcers. Without a direct comparison between the effects of THC on choices involving monetary and nonmonetary reward, this issue must remain unresolved. However, studies of the cognitive psychology of human decision-making have consistently required volunteers to make choices between a variety of notional reinforcers (with no real monetary value), yet have provided valid models of real-life decision-making between real goods and services, and to be effective methods for testing between competing theories of choice under uncertainty (von Winterfeldt and Edwards, 1986; Kahneman and Tversky, 2000) . Similarly, the now large body of work on the neuropsychology of decision-making completed with the Iowa gambling task (Bechara et al, 1996) and other tasks (Rahman et al, 2001) has, for the most part, involved facsimile money or points rewards but still provided helpful insights into the decision-making impairments exhibited by clinical populations (Bechara et al, 2002) . Risky choices between notional reinforcers have also been shown to be associated with significant activity within reinforcement circuitry (Rogers et al, 1999b) , suggesting that such choices recruit neural circuitries involved in the processing of incentive-motivational information (Dayan and Balleine, 2002) and which are subject to the modulatory effects of neurotransmitters, including the cannabinoid system.
Notably, entering changes in subjective state as covariates made no difference to the statistical significance of the THC-induced changes in risky choice. By contrast, age, and estimated IQ were significant covariates of task performance, and their inclusion in the statistical analysis markedly reduced the reliability of THC-related changes in decision-making. Accumulating research suggests that pharmacological effects upon cognitive performance depend upon a number of factors including levels of motivation and baseline cognitive abilities (Miller et al, 1977; Luciana et al, 1992; Gevins et al, 2002; Mehta et al, 2004) . Several studies suggest that cognitive effects tend to be greatest in participants with relatively poor baseline (or placebo-related) performance. The present results indicate that THC administration interacted with a comparatively broad measure of cognitive abilityFan estimate of verbal IQFand that removing this source of variance reduces the impact of THC treatment on participants' risky choice. The significance of this finding is unclear. However, one possibility is that participants with higher verbal IQ scores paid closer attention to the different reinforcement signals when contained in the choice displays and, consequently, were less sensitive to the effects of THC treatment. Further research will be needed to clarify this issue.
As noted above, risky decision-making involves the integrated processing of information about candidate actions associated with uncertain gains and losses. Processing information about potential gains (ie rewards) will excite an appetitive/approach motivational stance (towards a given response option) while processing information about potential losses (ie punishments) will excite an aversive/withdrawal motivational stance. Effective choice depends upon balancing these motivational states in order to select a response most consist with current behavioral objectives. Two recent studies of the effects of THC on choice behavior, using concurrent (random and variable ratio) operant schedules suggest that THC may induce risktaking behavior by altering sensitivity to reinforcement and promoting a tendency to continue choosing risky options (Lane and Cherek, 2002; Lane et al, 2005b) . The present results add to this picture by providing at least some support for these suggestions and by demonstrating that low doses of THC (sublingually administered) can produce relatively complex effects that might, in different ways, inhibit or promote risky behavior.
First, these data show that sublingual doses of THC reduced participants' choice of gambles with varying gains and losses but increased their choice of gambles with a zeroexpected value (see Figures 4) . Such a shift in preference away from gambles with high variant outcomes towards gambles with low variant outcomes is consistent with previous reports that cannabis intake can be associated with reduced risky behavior whereby treated participants adopt cautious cognitive strategies to compensate for ill-effects of drug intake (Iversen, 2000; Robbe, 1994) . This aspect of THC's effects on risky choice may also reflect a specific motivational change involving reduced discrimination between those response options with varying expected values (and resultant reinforcement) and those with minimal or zero expected value in the context of instrumental learning (Lane and Cherek, 2002) .
Second, the present results indicate that, not withstanding its effects on participants' preferences for high-variant over low-variant gambles, THC also altered attention towards certain reinforcement cues (eg potential losses) but under relatively restricted circumstances (eg when the probability of winning was low and the probability of losing was high; see Figure 5 ). As noted above, effective decision-making under uncertainty depends upon integrating information about the good and bad consequences of the available response options. Therefore, a failure to attend adequately towards potential losses when the probability of a good outcome is relatively low (and the probability of a bad outcome is relatively high) might constitute a mechanism that promotes the selection of maladaptive responses in difficult choices such as, for example, when attention needs to be allocated to danger signals under conditions of particularly high risk (Robbe, 1994) .
Previous studies also suggest that altered choices following THC administration reflects changed processing of their consequences (Lane et al, 2005b) ; however, our data indicate that THC can also affect processing of reinforcement information while individuals deliberate between risky options. The subsidiary finding that THC administration speeded responses to gambles with large compared to small gains, while placebo retarded such responses, provides some limited confirmation of the predictionFbased upon evidence that CB 1 activation enhances reward-related processing (Gardner et al, 1988; Gardner and Lowinson, 1991) Fthat THC intake will potentiate attention towards appetitive cues during risky choice.
Third, several theorists have postulated that decisionmaking in the face of incomplete information (eg about the probabilities of different outcomes) may involve different cognitive processes to decision-making in the face of more complete information (Baron, 2000 for review) . Studies with operant schedules have suggested that THC affects decisionmaking in the former situation (Lane et al, 2005b) ; the present results suggest that these effects of THC may generalize to situations where the choices are quite precisely specified, perhaps involving other cognitive sequelae of THC intake. Finally, operant studies of choice behavior following THC administration have also noted that response rates are inevitably reduced alongside any changes in the selection of certain choices over others. While it is unlikely that diminished responding can account for the effects of THC in these experiments (see Lane and Cherek, 2002 for discussion), the use of a discrete-trial choice paradigm in the present study provides additional (and reassuring) evidence that the complex effects of THC on risky decisionmaking in human adults are not simple artifacts of diminished response rates (cf. Curran et al, 2002) .
We have previously used the current task paradigm to examine the effects of manipulations of the monoaminergic systems on risky decision-making. These studies have consistently demonstrated changes in participants' attentional processing of potential gains and losses (Rogers et al, 2003 (Rogers et al, , 2004 Scarna et al, 2005) rather than reducing participants' discrimination between gambles with varying expected value and gambles with zero expected value as seen in the present experiment. This result is reminiscent of the finding that THC sustains participants' choice of response options associated with ever-diminishing reward (Lane and Cherek, 2002) and suggests that cannabinoid activation may play a complementary role to that of the major monoamine systems by mediating sensitivity to altered reinforcement contingencies associated with response options. Our finding that THC reduced attention towards prospective losses when the probability of winning on the 'experimental' gamble was low and the probability of losing high matches that found in a previous study with an acute dose of 80 mg of the beta-adrenoceptor antagonist, propranolol (Rogers et al, 2004) . The mildly sedative action of both these drugs may have the primary/immediate effect of reducing attentional processing of punishment cues while performing a predominantly appetitively motivated task, and thereby promoting risky choice.
An extensive literature details how, in many situations, human decision-makers make highly non-normative decisions (eg Kahneman and Tversky, 1979) . In this study, we tested this aspect of decision-making using the 'gains only' and 'losses only' trials in which participants chose between certain gains vs gambles to earn greater gains or no gains (inducing risk-aversion), or between certain losses vs gambles to suffer no loss or suffer still larger losses (inducing risk-seeking decisions)Fthe so-called 'reflection effect' (Schneider and Lopes, 1986) . On these trials, there was no indication that THC attenuated the natural tendency to choose the risk-averse option in the former case and the risk-seeking option in the latter case compared to placebo. Therefore, while THC may interfere with motivational aspects of risky choice, and attention toward punishment cues under high-risk situations, there was little evidence that, in extremis, non-normative features of decisionmaking were disturbed.
Finally, the present findings have some clinical significance in the light of recent studies examining neuropsychological deficits, including decision-making, associated with chronic substance misuse (Rogers et al, 1999a) . Whitlow et al (2004) have reported that heavy marijuana users (25 uses out of 30 days for 5 years) showed impaired decision-making on a card-playing task compared to light users (1-50 life time uses and no uses within the last year), perhaps reflecting the cumulative effects of previous drug use or pre-existing behavioral differences. Our results demonstrate that acute doses of THC also disrupt risky choice as measured by the present task paradigm. We have also examined performance of the same decision-making task by samples of current users of 3,4-methylenedioxymethamphetamine (MDMA), drug naive volunteers with no history of drug use at all, and polydrug users with a history of cannabis use equivalent to that of the MDMA users. While the MDMA users showed reduced attention towards gains and losses during risky choice compared to that of the other two samples, there was no difference between the decision-making of the polydrug (and cannabis) users and the nondrug using controls, suggesting that continued cannabis use does not impair risky choice as measured by this task (Morgan et al, 2006) . Further work with decisionmaking tasks involving separable cognitive and affective components might clarify the connection between chronic cannabis use and risky choice.
